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A. Final Report: Seismic Attenuation and Hazard in the Central and Eastern

U.S.

ACCOMPISHMENTS

During this project, we have focused on calculating the site response (the amplification and
fundamental frequency) using two methods: The horizontal to vertical spectral ratio, and the
Reverse Two Station Methods. The result was presented as a 3-D surface and evaluated by
applying a correlation algorithm. Shear wave velocity for upper 30m, topography and attention
values were tested as potential proxies for site amplification; in other words we examined the
correlation between the measured site amplification and these parameters. Then we displayed the
results as points. Each point represents the site effect of each station. This way apparently was
convenient to evaluate and discuss the results. In addition, we have compared the results of the
two methods by calculating the differences after normalizing the values between 1 and -1.

Introduction

Earthquakes within the Central and Eastern U.S. (CEUS) pose a different kind of threat than
earthquakes in the western U.S. due to the relatively low attenuation at high frequencies that
occurs for wave propagating across tectonically stable regions such as the central U.S. The far
field effects of intraplate earthquakes will be caused by the efficient generation and propagation
of regional waves, especially Lg, which is generally the largest amplitude high frequency (f > 0.5
Hz) regional seismic phase. Lg will most likely be responsible for all of the far field damage
from a large earthquake in the midcontinent. Hence, the ground shaking at both regional and
local distances likely pose a significant seismic hazard in this region. An Lg Q model that can
reliably predict Lg amplitudes is critical in estimating the site response and understanding the far
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field seismic hazard. The goals of this project is to measure the site amplification and attenuation
of high frequency regional phases in the Central and Eastern U.S in using seismic data collected
from USArray TA stations and by applying a straight forward Reverse Station (RTM) approach.
Furthermore, we have tested the stability of our large scale RTM site amplification model using
the Horizontal over Vertical Spectral Ratio (HVSR) for regional paths across the entire Central
and Eastern U.S (CEUS). This project can help in mitigating the seismic risk by better
understanding the far field effects of such earthquakes due to both path-based attenuation and
localized site amplification.

Methods

Estimating the site response, the amplification and the fundamental frequency, requires
eliminating the path and source effects. The most efficient method to remove the path and source
effect and study the site effect is the referenced method or Standard Spectral Method (SSR),
introduced first by Borcherdt (1970). It depends on an available geological data set describing
the local sites, which is unfortunately not available for most of the stations deployed in the TA
array. Therefore, HVSR method was used to make a direct comparison with the RTM method. .

HVSR Method

Nakamura (1989 ) pointed out that in thick sedimentary basins, the peak spectral ratio of the
Horizontal Vertical Spectral Ratio of the ambient seismic noise measurements correlates with the
peak of the fundamental resonance frequency. Mostly, ambient noise consists of Rayleigh
waves, which is the surface waves affected by the subsurface geology. Lermo and Chavez-
Garcia (1993) proposed applying Nakamura method on the shear wave part of weak-motion
earthquake data. This relatively new application of HVSR technique combines two techniques:
the receiver function (Langston et al. 1979) using the H/V ration to estimate the velocity
structure model, and HVSR technique of Nakamura (1989, 1996). Zhao et al. (2006) and
sokolove et al. (2007) show that HVSR is reliable for sedimentary layers at recording sides.
Parolai et al. (2007) shows the similarity between the HVSR and SSR methods. Although HVRS
method shows stable results and correlates with the surface geology appropriately, it has xome
few limitations: applying this method on P-waves contributes in an inconsistent result, the
fundamental resonance frequency can underestimate the amplification factor, and this method
cannot be applied on rock sites because the amplification will be unity.

The spectral ratio of vertical motion at the surface and at the bedrock, and the spectral ratio
of the horizontal ground motion at surface and bedrock at a certain depth have been calculated to
predict the amplification of both components; however, the vertical ratio that represents the
amplitude effect should not be amplified by the sediment layer, except possibly for Rayleigh
waves. The ratio then of the horizontal to vertical is an improved or modified site effect. The
assumption that horizontal vertical ratio on the bedrock equals unity can be reasonable if we
suppose that the bedrock underneath the sediments is a reference site, so the vertical and
horizontal components are not affected by any amplification resulted from unconsolidated
structure.

Reverse two station method

The amplitude of a seismic wave may be described by an exponential attenuation equation

that accounts for both geometric spreading and attenuation,

A(f)=|(f)E(f)S(f)G(A)eXD(—%(A”] 1)
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where A is the observed amplitude between source and receiver for a wave of frequency f
recorded at distance A. Here, | is the instrument response, E is the source spectra, S is the site
amplification response, v is the wave group speed, and G is the geometric spreading function that
is described primarily by an exponential decay with distance. For cylindrical spreading, the
exponent should be 0.5 and for spherical spreading it is 1.0. The attenuation quality factor, Q,
can be assumed to be frequency dependent, Q = Qo f” with Qq being the quality factor at 1 Hz, f
the wave frequency, and n describing the frequency dependence. Values for Qg and n depend on
the type of wave used but generally n lies between zero and one. Our frequency dependent
tomographic Q models are based on these equation. The algorithm we have chosen to
tomographically map variations in frequency dependent Q is the LSQR algorithm developed by
Paige and Saunders, 1982. The big advantages to using the Reverse Two-Station method (RTM)
is that we are able to isolate the frequency dependent station and source portions of regional
phase spectra. Rather than multiply the reversed two station amplitude spectra, if we divide
them we can obtain the following relationship:

where the SS terms are the frequency dependent site amplifications for a given station. This
problem has a unique solution if we are able to find a few particular reference stations between
which the variations of site amplifications are negligible. We apply the LSQR method to
calculate the lateral variations in site amplification for each station.
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Figure 1 Station distribution over the central and eastern United States. The colour represents
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the number of the seismic records in each station. The earthquake used in the HVRS method.
The red line is the state boundaries.

Results

Estimating the ground motion was investigated by using HVSR method. The
analyzed data windows were chosen between S-waves arrival time and end of the
records. The calculated H/V ratio showed low amplification along the Appalachian,
igneous and metamorphic rocks, and high amplification to the north, which correlates
with the Central lowland comprising of sand and gravel deposits generally from a glacial
origin figure (2). H/V ratio varies from event to others in the same seismic station. The
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Figure 2. The amplification values from HVSR method.

shown in the southeastern the study region comparing with the northern and central part because
of the seismic data distribution figure (1). While the fundamental frequency FO has high values
(6-12 Hz) along the Appalachian which increases from Crystalline to the basins Appalachian and
high values in the eastern part of the Central lowland, FO has low values (2-4Hz) along the
Mississippi embayment and coastal plain figure F3). Correlation between attenuation factor Q
and the amplification result shows a positive correlation northern part of USA in addition to the
central USA. In other words, this region examines high amplification rates with low attenuation
rate. The negative correlation along the Mississippi embayment that means the high
amplification rates coincide with high attenuation.

Shear wave surface velocity for upper 30m considers a good proxy for site amplification
in Geotechnical Engineering. Comparing the H/V ratio with the V30m shows a very good fit
Figure (4). In addition, correlating the amplification result with the Digital elevation model and
the slop shows that a positive correlation along the high elevation and high slop. For example,
Appalachian and white mountain. A negative correlation was observed along the Mississippi
embayment and delta. The RTS used to calculate the site response figure (5). Figure (6) shows
the differences in result between HVSR and RTS method. We accepted values between (-0.5
0.5). By applying the normal cumulative distribution function, the probability that the differences
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of the two methods from a standard normal distribution will fall on the interval (-0.5 0.5) is 77%
figure (7).

Distance and the azimuth effect on the site response (amplification and frequency) were
explored by relating each of the amplification and the fundamental frequency FO versus the
distance and the azimuth for all the seismic records. The results show: the density histogram of
the distances shows a high value within [600-1100] Km.. The range of distance may be account
for data distribution. The density histogram of amplification, with bar width 0.5, shows a high
density between 3.0 and 5. When HVSR ~2 means there is no amplification. There is a long
degreasing rend between HVRS amplification and distance, especially with a distance > 1400
Km. This result suggested a rough negative correlating between the distance and the
amplification. There is no a specific apparent trend for the fundamental frequency versus the
distance. In addition, depicting the back azimuth against the amplification and fundamental
frequency did not show any specific trend.
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Figure 4. The correlation values between the Amplification from HVSR method and V30m
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151  Figure 5. The site amplification terms from Reverse Two-Station Method (the red regions are regions
152  with large site amplification while the blue are regions with strong deamplification)
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155  Figure 6. The differences in site amplification terms from Reverse Two-Station Method and the HVSR
156  method (the range between 1 and -1).
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Figure 7. The probability of the differences between the RTS and HVSR methods which fall on the
interval (-0.5 0.5). (AM) amplification from HVSR, SS the amplification form the RTS.

Discussion and Conclusions

The shear wave velocity for upper 30 m provides us with a potential proxy for site
amplification because of its strongly impact on the seismic wave propagation in the upper crust.
The inconsistent correlated result between the V30m and the site amplification could be relating
to a noisy V30m values since the shear velocity values used in this study came from both wells
and the gradient topographic data. In addition to inadequate, imprecise data, the unexpected
amplification values in some region could be due to the rock fractionation causing velocity
contrast between the bedrock and the weathered sediments.

Zandieh et al. (2011) suggested Fo < 5 Hz, amplification 1.3-4 for NMSZ region, and our
results show Fo< 4Hz with amplification 2-4 for the same region. We do not have a reliable
detailed unconsolidated sedimentary thickness data across the CEUS; however, Mucciarelli &
Gallipoli (2004) examined shear waves velocity for upper 10m and compared with VVs30m. They
claimed that there is no a significant difference in predicting site effect between the two
velocities. Hence, using this Vs30 is likely a relatively reliable source for comparison with our
estimates of site amplification. Our preliminary results suggest that in the CEUS, Vs30 does not
provide a very reliable estimate for site amplification.

Examination the amplification and frequency versus the distance and the back azimuth shows
a tentative trend with the distance and it did not suggest any clear trend with respect to the
backazimuth, which is likely due us including broad range of frequencies in the processing or
because these parameters are independent of one another. In the northern study region, the large
discrepancy of the estimated site amplification using HVSR and RTM can possibly be attributed
to presence of ubiquitous glacial deposits. It is not yet clear precisely how the glacial deposits
are influencing the site amplification and it may be that our lack of data in this region is soley
responsible for this difference.
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B. PLANNED RESEARCH:

Using the dense coverage of the TA component of USArray permanent short period and
broadband stations, our research will be focusing on the following aspects:

resolving the discrepancy in site amplification between our new RTM method and the
HVSR method by adding additional paths from new events in the northern and eastern
part of the country

Extending the frequency of the initial Reverse Two Station Lg Q model up to 8 Hz,
which will be more comparable to the HVSR results. Therefore, extending the site
amplification terms to frequencies that are potentially more important for earthquake
hazard assessment. As a result, the efficiency of HVSR method for site amplification
across the CEUS will be tested.

Determine the one dimensional attenuation for local phases Pg and Sg for regions will
large amounts of local recordings such as the NMSZ and central Oklahoma.. In
addition, we will use the H/V ratio of the high frequency P-waves of local seismic data
to calculate the shear wave velocity, which can be used to evaluate the site response
results in in this region (Ni et al., 2014)..

Comparing the local site response result with the regional result.

Calculating synthetic seismograms for several simple 3D models (basin structure,
water saturated sediment over Precambrian basement, and glacial till over bedrock) in
order to understand the physics of site amplification at higher frequencies.

C. Publications/Presentations

Yassminh,R. and Sandvol, E., Site Response in the Central and Eastern United States, 2015
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D. Problems

None
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